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(54) Dc-to-dc switching power supply utilizing a delta-sigma converter in a closed loop controller 



(57) A DC-to-DC switching power supply (12) re- 
ceives a DC biased power signal at a first input (14), a 
control signal at Its control input (16) and produces an 
output DC voltage at its output terminal (20). A power 
supply controller (30) compares the produced output 
signal with an input reference signal V ref The ref- 
erence signal is an analog signal which may be pro- 
duced via digital-to-analog converter (34) which con- 
verts a digital input command into a corresponding an- 
alog signal V ref The resulting error signal is then passed 
through a proportional gain block 36 and an integral gain 
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block (38). A signal proportional to the differential of the 
output voltage is passed through a differential gain block 
(44). The outputs from the proportional gain block (36) 
integrator gain block (38) differential gain block (44) are 
summed in the second summer (40) and applied as the 
input to a delta-sigma converter (42). The output from 
delta-sigma (42) then constitutes a fixed-width pulse 
stream of predetermined sequence such that, when ap- 
plied to the control input (16) of the switching power sup- 
ply (12), the power supply produces a DC output signal 
V out at its output terminal (20) which is determined by 
the reference signal V ref , 
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Description 

Background of the Invention 

The present Invention relates to the electrical power 
supply art and, more particularly, to an improved DC-to- 
DC switching power supply which utilizes a delta-sigma 
(AT) converter in a closed loop controller. 

Switching power supplies are wide spread in use 
due to their high conversion efficiencies, reliability, sim- 
plicity and low cost. DC-to-DC switching power supplies 
operate by storing energy in inductors, capacitors, or 
both, and then distributing this energy to a toad over a 
period of time. Low output voltage variation is achieved 
by using energy storage devices that hold many times 
the energy to be distributed in a given time period. The 
most popular way of accomplishing this task is to vary 
the charging time for the energy storage device(s) de- 
pending upon the load, for each time period. This tech- 
nique is known as pulse-width-modulation (PWM). In a 
PWM power supply, the charging time, per given period, 
changes with respect to the load. Figure 1 A is a wave- 
form diagram illustrating the typical output voltage, 
produced by a PWM controller. The output voltage, V wtl 
varies about a set-point, or reference level voltage, V ref 
The system operates to minimize the value of an error 
voltage, which represents the difference between the 
desired DC output of the switching power supply and 
the reference value, V ref . 

The PWM controller converts the error signal, V out - 
V refi into a sequence of variable width pulses, as depict- 
ed in Figure 1 B. These variable width pulses are applied 
to the power supply circuitry to vary the DC output pro- 
duced thereat in an attempt to control the output voltage 
to the desired reference level. For changing loads, the 
storage device(s) will charge and discharge at different 
rates, requiring different PWM duty cycles to maintain 
the desired average output voltage. For example if the 
Load Change signal in Figure 1 A is less than V ref then 
more energy is needed at the toad to bring Its level up. 
This is achieved by the PWM change to "V h " (output 
on). When there is too much energy in the load, the 
LOAD CHANGE level becomes greater than V ref and 
the "PWM CHANGE' will switch to "V Jo " (output off). 

Whereas pulse-width-modulated power supply 
controllers have achieved wide acceptance, largely due 
to their cost effectiveness and availability in integrated 
circuit form, they do exhibit various disadvantages. For 
example, the creation of the error voltage requires the 
use of matched components. The accuracy of the PWM 
controller is thus limited to the accuracy of the matched 
components which are subject to tolerance drift over 
time. 

In addition, the noise spectrum produced by a PWM 
controller ideally contains all noise at the switching fre- 
quency, which noise can feed directly from the power 
supply to the circuits it supplies with power. In addition, 
due to clock jitter, component mismatch and other circuit 



non-idealities, the noise spectrum of a PWM controller 
tends to concentrate the error voltage at several fre- 
quencies, dependent on load. These unpredictable 
noise spikes are often unalterable and result in noise 
s coupling into the circuits being powered by the PWM 
supply.^ 

In ^addition, if the duty cycle of a PWM controller 
goes too low, the electronic switch in the switching pow- 
er supply is forced into a state in which it never gets fully 
to turned on and, hence, consumes increased power. 

Further, the PWM switching power supply controller 
does not readily lend itself to digital programmability of 
the produced DC output voltage. 

is Summary of the Invention 

It is an object of the present invention, therefore, to 
provide an improved DC-to-DG switching power supply 
converter design which provides for the precise, low drift 

20 control of output voltage with high efficiency and sim- 
plicity of design. 

In' particular, it is an object of the present invention 
to provide the improved DC-to-DC switching power sup- 
ply converter controller which eliminates the need for 

25 matched components. 

It is an additional object of the invention to provide 
the improved DC-to-DC switching power supply con- 
verter design which exhibits a noise spectrum shifted to 
higher frequencies, thereby allowing for easier filtering 

30 to prevent the corruption of circuitry connected to the 
power supply output. 

It is also an object of the invention to randomize the 
error signal over higher frequencies so that the noise 
power is spread out instead of being concentrated at 

35 specific frequencies. 

It is a further object of the invention to provide the 
improved DC-to-DC switching power supply converter 
design which is easily adapted to receive digital input 
reference signals to thereby vary the level of the power 

40 supply produced output voltage. 

It' is yet a further object of the invention to provide 
the improved switching power supply converter design 
which does not rely on variable width pulses to control 
the electronic switching device in the power supply. 

45 Briefly, according to the invention, a DC-to-DC con- 
verter comprises a switching power supply which has a 
power input terminal adapted to connect to a source of 
DC power, a control terminal adapted to receive a con- 
trol input signal and an output terminal for producing a 

50 controlled output DC signal having a value which Is con- 
trolled by the control signal received at the control ter- 
minal. The converter utilizes a controller having a first 
input coupled to the switching power supply output ter- 
minal, a second input which is adapted to receive a ref- 

55 erence signal and an output coupled to the switching 
power supply control terminal. The controller produces 
fixed, width output pulses as a function of the relationship 
between the signals at its first and second inputs, such 
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that the switching power supply produces a controlled 
output DC signal maintained at a value determined by 
the received reference signal. 

In a particular aspect of the invention, the switching 
power supply controller includes a first summer for pro- $ 
ducing an output signal representative of the difference 
between the switching power supply produced control- 
led output DC signal and the received reference signal. 
A proportional gain scales the error signal by a propor- 
tional gain factor to produce a proportional feedback sig- 10 
nal. An Integrator integrates and scales the error signal 
by an Integral gain factor to produce an Integrated feed- 
back signal. A second summer sums the proportional 
feedback signal and the integrated feedback signal. The 
controller includes means for producing the fixed-width * $ 
output pulses as a function of both of the feedback sig- 
nals. 

In a further aspect of the invention, the power supply 
controller further comprises a differentiator for differen- ' 
tiating and scaling the output signal by a differential gain 20 
factor to produce a differentiated feedback signal. The 
differentiated feedback signal is summed in the second 
summer with the proportional feedback signal and the 
integrated feedback signal. Thus, the controller produc- 
es its fixed-width output pulses as a function of all three 25 
feedback signals. 

In yet a further aspect of the invention, the DC-to- 
DC converter utilizes a detta-slgma converter for pro- 
ducing the fixed-width pulses. 

In a further aspect of the invention, the power supply 30 
controller's second input includes means adapted to re- 
ceive a digital input signal representative of a desired 
analog output level by the DC-to-DC converter. 

A method for controlling the output of a switching 
power supply having an input terminal adapted to re- 35 
ceive an input DC supply signal, a control terminal for 
receiving a control signal and an output terminal, where- 
in the switching power supply produces at its output ter- 
minal a DC signal having a value controlled by the con- 
trol signal received at the control terminal, includes the 40 
first step of receiving a reference signal representative 
of the desired output DC signal value from the switching 
power supply. The method then processes the switching 
power supply output DC signal to produce a feedback 
signal representative of the signal thereat. The next step <s 
includes comparing the reference signal with the feed- 
back signal to produce an error signal. The method in- 
cludes the final step of predeterminedly converting the 
error signal into a sequence of fixed-width pulses and 
applying the fixed-width pulse sequence to the control so 
terminal of the switching power supply such that the 
switching power supply produced controlled output DC 
signal is maintained at a value determined by the re- 
ceived reference signal. 

In a further aspect of the present invention, the 55 
above -described method includes the step of scaling 
the error signal by a proportional gain factor to produce 
a proportional feedback signal. The error signal Is then 



integrated and scaled by an integral gain factor to pro- 
duce an integrated feedback signal. The proportional 
feedback signal and integrated feedback signal are 
summed to produce said error signal. 

In a further aspect of the invention, an output current 
sense signal is sampled and scaled by a differential gain 
factor to produce a differentiated feedback signal and 
this differentiated feedback signal is then summed with 
a proportional feedback signal and integrated feedback 
signal to produce said error signal. 

In yet a further aspect of the invention, the step of 
predeterminedly converting the error signal into a se- 
quence of fixed-width pulses includes the delta-sigma 
conversion of the error signal into said sequence of 
fixed-width pulses. 

In yet a further aspect of the invention, the reference 
signal is received as a digital input signal representative 
of a desired analog output level of the switching power 
supply. 

These and other objects of the present invention will 
be observed in the reading of the specification and 
claims which follow hereinbelow. 

Brief Description of the Figures 

Figures 1A and 1B are representative waveforms 
of the prior art pulse-width modulator power supply 
controller; 

Figure 2 is a block diagram illustrating the improved 
pulse code modulated controller for use in the DC- 
to-DC switching power supply converter, 

Figure 3 is a schematic diagram of a Buck switching 
power supply used in the preferred embodiment of 
the invention; 

Figure 4 is a schematic diagram depicting a simpli- 
fied electrical model of the Buck power supply of 
Figure 3; 

Figures 5A-5C depict three additional power con- 
verter circuits which may be used with the controller 
in accordance with the present invention; 

Figure 6 is a detailed schematic diagram depicting 
the preferred embodiment of the pulse code modu- 
lated controller according to the present invention; 

Figure 7 is a waveform diagram illustrating the pre- 
ferred phasing of the clock for use in the preferred 
embodiment depicted in Figure 6; 

Figure 8 is a graph depicting the output voltage of 
the improved switching power supply converter as 
a function of input reference voltage; 

Figures 9A and 9B are waveform diagrams illustrat- 
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ing the control voltage and output voltage produced 
by the inventive pulse code modulated controller; 

Figures 10A and 10B are waveform diagrams illus- 
trating the power spectral density of an ideal pulse 
width modulated-based switching power supply 
output voltage and error voltage, respectively; 

Figures 11 A and 11 B are waveform diagrams illus- 
trating the power density plot of the noise produced 
by the inventive pulse code modulated power sup- 
ply; and 

Figures 12A and 12B illustrate the power spectral 
density of the inventive pulse code modulated- 
based switching supply wherein the power supply's 
output capacitance is sized such that it's peak noise 
power is the same as a pulse width modulated- 
based switching power supply. 

Detailed Description 

As described above, Figures 1 A and 1 B depict rep- 
resentative waveforms of the prior art pulse-width mod- 
ulated (PWM) controller for use in a switching power 
supply. PWM controllers use ramp generating circuitry 
to create a control, or error voltage representative of the 
difference between the actual output voltage being pro- 
duced by the power supply and a desired reference lev- 
el, V ref . This results in the output waveform seen in Fig- 
ure 1A. 

In response to the error signal, the PWM controller 
produces a variable width pulse sequence, as depicted 
in Figure 1B. This variable width sequence varies the 
conduction time of an electronic switching device in the 
power supply thereby determining the energy trans- 
ferred to the storage devlce(s). For changing loads, the 
storage device(s) will charge and discharge at different 
rates, requiring different PWM duty cycles to maintain 
the desired output voltage. Implementation of the PWM 
controller requires the use of matched components 
which, over time, may drift. In addition, the power spec- 
trum of the noise produced by the PWM controller has 
load dependent, high energy noise spikes which can 
corrupt circuitry drawing power from the switching pow- 
er supply- In addition, if the PWM controller requires a 
very narrow pulse, the electronic switching device may 
not make the transition from its lully off to fully on state, 
thereby dissipating power in the electronic switching de- 
vice and reducing controller power supply efficiency. Fi- 
nally, the PWM controller topology does not readily lend 
itself to a digitally programmable input of the relerence 
voltage. 

Figure 2 is a block diagram o1 the pulse code mod- 
ulated power supply controller, indicated generally at 30, 
according to the present invention. Here, as with the 
PWM power supply circuitry, a basic switching power 
supply, including one or more energy storage devices, 



is provided at 12. The switching power supply 12 has 
an input terminal 1 4 tor receiving the variable DC power 
supply voltage. At its control input 1 6, the switching pow- 
er supply 12 receives fixed-width pulse code modulated 
s (PCM);.control signals, depicted by the waveform 18. 
These control signals, as will be described herein below, 
are used to control the switching of an electronic switch 
within the switching power supply 12 to thereby control 
power stored in one or more energy storage devices. 
to These energy storage devices then produce a control- 
led output DC signal, V out , at the switching power supply 
output terminal 20. 

The fixed-width control pulses 1 8 applied at the con- 
trol input 16 of the switching power supply 12 are pro- 
fs duced by unique controller circuitry, indicated generally 
at 30. The controller circuitry 30 includes a first summer 
32 which receives at one input the output voltage 
produced at the output terminal 20 of the switching pow- 
er supply 12 and a reference voltage, V refi at its second 
20 terminal. V rof is a reference voltage used to control the 
DC output, V out produced by the switching power supply 
12. This signal may be supplied as an analog input sig- 
nal or, as shown in Figure 2, may be a digital input signal 
which is then processed through a digital to analog con- 
25 verter 34 to thereby produce The topology of the 
present controller 30 particularly lends itself to digital in- 
put control as depicted in Figure 2. 

First summer 32 sums the output signal V^, with 
the reference signal V ref to produce a difference signal 
30 representing the difference between the actual output 
voltage V out and the desired output V ref> This error sig- 
nal, produced at the output of first summer 32, is fed to 
the inputs of a proportional gain block 36 and an inte- 
grator 38. The proportional gain block 36 scales the er- 
as ror signal by a first gain factor K1 . Thus, the output from 
proportional gain block 36 is a proportional feedback 
signal, which is applied to one input of a second summer 
40. 

Applied to a second input of the summer 40 is the 

40 integrated error signal as processed through the inte- 
grator'38. The integrator also Inherently scales the inte- 
grated error signal by a predetermined factor K2 to 
thereby provide an integral gain factor integrated feed- 
back signal. The second summer 40 sums the propor- 

4S tional feedback signal with the integrated feedback sig- 
nal to thereby produce a resulting error signal which is 
coupied to the input of a delta-sigma converter 42. In 
the known manner, the delta-sigma converter 42 con- 
verts the error signal at its input into a sequence of fixed- 

so width pulses which are applied to the control input 1 6 of 
the switching power supply 1 2. 

If the error signal presented at the input to delta- 
sigma converter 42 was determined only by the propor- 
tional gain feedback signal out of block 36, a finite offset 

55 voltage from the desired signal at output 20 of the 
switching power supply 1 2 would occur due to toleranc- 
es of components. To eliminate this finite DC offset volt- 
age, the integrator 38 is employed to absorb such off- 
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sets and also decrease settling time of the output signal 
V out However, use of the integrator 38 was found to in- 
duce substantial ringing in the output voltage V out To 
eliminate such ringing, a differentiator 44 is employed. 
The differentiator 44 senses the first time differential of 
the output signal V out by means of a current sense re- 
sistor as provided at the output 46 of the switching power 
supply. This output signal, which is proportional to the 
rate of change of the output voltage with respect to time, 
is scaled by a third gain factor K3. The output scaled 
differentiated feedback signal is then applied as an ad- 
ditional input to the second summer 40. Thus, controller 
30 employs proportional, integral and differential (PID) 
feedback to produce the error signal at the input of the 
delta-sigma converter 42. 

The switching power supply design 30 as depicted 
in Figure 2 exhibits many advantages over the PWM de- 
signs known to the prior art. For example, the delta-sig- 
ma modulator 42 is an excellent choice for converting 
an analog input signal into a pulse code modulated con- 
trol 6ignal because it is highly insensitive to component 
mismatches. The delta-sigma converter accomplishes 
this by trading off sampling rate for accuracy taking 
many poor samples and filtering, rather than one precise 
sample to arrive at the same solution. Thus, there is no 
need for the matching of components as in the PWM 
design. Without such matched components, there is not 
a tolerance drift over time as in the PWM topology. In 
addition, the delta-sigma converter 42 is an inherently 
more linear converter while being simple in implemen- 
tation. 

Figure 3 is a schematic diagram of the actual 
switching power supply 1 2 used in the preferred embod- 
iment of the invention. This circuit, known as a Buckcon- 
verter, receives DC current from a power supply 50 at 
its input terminal 14. The DC supply voltage is then 
switched to the energy storage devices through an elec- 
tronic switch 52. Any of various electronic switches may 
be used in this application but, in this, the preferred em- 
bodiment of the invention, the electronic switch com- 
prised a power MOSFET device. Received at the 
switching Input 16 to the switching power supply 12 is 
the pulse code modulated (PCM) input signal produced 
by the converter 30 as shown in Figure 2. This signal is 
a sequence of fixed-width pulses designed to activate 
the electronic switching device from its "off* to "on" 
states as a function of the pulse sequence. Current, as 
switched thorough the electronic switching device, flows 
into the energy storage inductor 56. Coupled from the 
output of the inductor to ground is an energy storage 
capacitor 58. A diode 60 has its cathode connected to 
the output of the electronic switch 52 and its anode con- 
nected to ground. The diode acts as a free-wheeling di- 
ode for load current when electronic switch 16 is off. 

In response to the PCM control signal and its input 
signal 16, the electronic switch 52 pumps current 
through inductor 56 and creates a stored charge on ca- 
pacitor 58. This signal is then supplied, through a low 



value sampling resistor 64, to the output terminal 20 
which produces the output signal which may then 
be coupled to a load 66. 

The sampling resistor 64 produces a voltage V^j 

s which samples the current out of inductor 56 and capac- 
itor 58. Since the current through capacitor 58 is propor- . 
tional to the first time differential of the voltage across 
the capacitor, this signal V^, is proportional to the first 
time differential of V oul and is supplied at an output ter- 

io minal 46, which connects to the input of the differential 
gain block. 

Figure 4 is an electrical model of the Buck switching 
power supply topology as shown in Figure 3. As before, 
shown is the DC source 50 which connects to the input 

is terminal 1 4 of the power supply 1 2. An electronic switch 
52 receives input control signals at its input 16. Through 
the action of the switch 52, a stored charge is created 
in the capacitor 58. Current provided to the output ter- 
minal 20 is sensed by a small value sampling resistor 

20 65. The signal V oul appearing at the output terminal 20 
may thus be applied to a load 66, with the voltage across 
the capacitor being V^, 

In operation, in response to the fixed-width PCM 
pulse sequences applied at input terminal 1 6, the switch 

25 creates a stored charge in the capacitor 58. By precisely 
controlling charging of the capacitor 58 through the 
switch 52 the output voltage V out at output terminal 20 
may be precisely controlled within narrow tolerances. 
Whereas the preferred embodiment of the invention 

30 utilizes a Buck switching power supply as depicted in 
Figure 3, it should be understood that many other power 
supply designs may be utilized in accordance with the 
present invention. A few of these are identified in Fig- 
ures 5 A through 5C. 

3S Whereas the Buck circuit of Figure 3 is utilized to 
reduce the input DC bias signal to a lower value, a boost 
circuit, as depicted in 5A may be employed to increase 
the input DC bias voltage to a higher value. Here, the 
DC bias input 70 is applied to an inductor 72. At the out- 

40 put of inductor 72 is a switching device, herein Indicated 
as transistor 74. In response to control signals received 
at its base 76, the transistor 74 switches the output of 
inductor 72 to ground. Energy is stored in inductor 72. 
In response to a low control signal received at its base 

45 76, the transmission gate 74 shuts off and the energy in 
the inductor 72 is transferred to capacitor 80 via the rec- 
tifying diode 78. 

Figure 5B depicts a Buck-Boost circuit. Here, a DC 
bias voltage is applied to the collector input of a switch - 

so ing transistor 92. Received at the base of transistor 92 
is the pulse code modulated pulse sequence. The tran- 
sistor switches current to a shunt inductor 94. The output 
from the inductor 94 is rectified through a diode 96 and 
applied to a storage capacitor 98. The voltage across 

55 storage capacitor 98 is thus the controlled output volt- 
age which is applied to a load 100. 

Figure 5C depicts a Cuk converter. Here, a DC bias 
supply 110 provides power to an inductor 112. The free 
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end of the inductor 112 is shunted to ground via a tran- 
sistor 114, whose base receives the input pulse code 
modulated signal. The output trom inductor 112 passes 
through a capacitor 1 1 6 to a second electronic switching 
device 118. This switching device is a transistor having 
a received signal at its base 120 which is the inverse of 
the pulse code modulated signal, A pair of diodes 122, 
124 on opposite sides of the transistor 118 are used to 
provide continuous paths for the currents through induc- 
tors 112, 126 when transmission gates 114, 118 are al- 
ternately tuned off and on. 

The output from transistor 118 passes through a 
second inductor 126 which provides charge to the stor- 
age capacitor 128. The load 130 is coupled to and 
across the output capacitor 128. 

Figure 6 is a schematic diagram illustrating the pre- 
ferred embodiment of the present invention. 

Shown is a simplified power supply, 200. The power 
supply includes input terminals 202 adapted to receive 
an Input source of DC current. Connected in series with 
the power supply input terminals 202 is an electronic 
switching device 204. The switching device has a con- 
trol input terminal 206 which receives control input sig- 
nals to determine the conduction time of the switching 
device 204. The switching device then switches current 
into a storage capacitor 208. The storage capacitor 208 
provides a controlled DC output voltage V out at an output 
terminal 210 through a small sampling resistor 212. The 
storage capacitor 208 delivers power to the load resistor 
211. 

The controller circuitry, indicated generally at 220, 
includes a proportional feedback block 230, an integral 
feedback block 250 and a derivative feedback block 
310. The signals as processed through the proportional 
block 230, integral block 250 and differential block 310 
are fed into the delta-sigma block 340 at its summing 
node 342. The output from the delta-sigma block 340 is 
the pulse code modulated control signal which is applied 
to the control input terminal 206 of the power supply. 

Figure 7 represents the clocking circuitry used in 
conjunction with the controller 220 of Figure 6. Referring 
to Figure 7A. a one MegaHertz clock is provided at block 
320. This output clock signal is fed to clocking circuitry 
322 which produces two clock phases 0, and 0 2 . 

Referring to Figure 7B, shown is the clock signal 
having a period of 1 .0 microsecond. The first phase 0, 
signal occurs for the first 0.2 microseconds of the clock 
period. The second phase signal 0 2 then initiates 0.1 
microseconds following termination of the first phase 0 y 
signal and continues for the remaining 0.7 microsec- 
onds of the clock period. These clocking signals 0 1t 0 2 
are used to control the circuitry depicted in Figure 6 as 
described hereinbelow. 

Referring again to Figure 6, the output signal V out 
from the power supply appearing at terminal 21 0 is rout- 
ed to the input terminal 232 of the proportional block 
230. On 0 t the difference between 232 and V rof 
236 is sampled on capacitor 240 via transmission gates 



234, 238. On 0 2 this difference, is transferred to the del- 
ta-sigma modulator via transmission gates 242, 244 
with respect to voltage V rof2 246. 

The proportional block acts to sample a charge, 

s (V^ - V ref ) * C, that is summed at the summing node 
342 of the delta-sigma modulator. 

Referring now to the integral block, the negative of 
the offset of the first amplifier 252 Is sampled on capac- 
itor 254 via transmission gates 256. 258 during 0 X . The 

to second amplifier 260 also samples the negative of its 
offset on capacitor 262 during 0 A via transmission gates 
264, 266. Furthermore on 0 V a negative V rof 268 Is 
sampled on capacitor 270 via transmission gates 272, 
274. 

ts On 0 2 the difference between V oul at 276 and V„ e 
at 278.' plus the - V o(tect of amplifier 252 already sampled 
on 0j are transferred as a charge to capacitor 280 via 
transmission gate 2B6 which causes the output of am- 
plifier 252 to change proportional to capacitor 254/ca- 

20 pacitor 280. 

The difference between the output of amplifier 252 
and V ref 282, plus the already sampled offset of amplifier 
260 is added as a charge to capacitor 284 via transmis- 
sion gates 288, 290. 293. Diodes 294, 296 bleed off 

25 some of the charge on capacitor 284 If it gets too large 
to keep amplifier 260 from saturating. The charge on ca- 
pacitor 284 causes the output of amplifier 260 to be at 
V rof plus the voltage across capacitor 284. 

The voltage at the output of amplifier 260 is sampled 

30 with respect to V ref at 322 on capacitor 270 via trans- 
mission gates 298, 300 during 0 2 . The charge, -V rof , 
that was already on capacitor 270 is summed at the 
summing node 342 as is the output of the amplifier 260 
minus V ref . 

3S The integral path 250 consists of two amplifiers 252, 
260 so that a high gain can be achieved between the 
input and output of the integral path while maintaining a 
high bandwidth in the integral path. 

Thus, in the known manner, the integral block 250, 
40 by the switching of its transmission gates, will produce 
an error signal corresponding to the difference between 
the power supply output signal V out and the reference 
voltage V ref . integrate this error signal in 2 steps, scale 
by a predetermined gain factor, and provide the integrat- 
es ed, scaled feedback signal at the summing node 242. 
Differential block 310 operates to sense the current 
through current sensing resistor 212 which thereby rep- 
resents the first time differential of the voltage across 
storage capacitor 208. The voltage across current 
so sense resistor 212 is sampled on capacitor 312 via 
transmission gates 314, 316 as a charge, during 0 V 
During 0, the charge on capacitor 31 2 is transferred to 
the delta-sigma's summing node 342 with respect to 
V re(2 at 31 6 via transmission gates 31 8, 320. 
55 Thus the proportional, integral and differential sig- 
nals are passed to the delta-sigma on 0 2 as charges 
via the summing node 342. 

The delta-sigma block 340 integrates the contribu- 
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tions of the three paths onto capacitor 348 via amplifier 
346. Here, diodes 350, 352 act to keep amplifier 346 
from saturating by bleeding some charge from capacitor 
348 if the charge gets too large. 

The output of amplifier 346 is presented to the 
clocked, latching comparator 354 which produces both 
the PCM and PCMBAR control signals. The control sig- 
nals are opposite in polarity and can be used to control 
switching power supplies with either one or two control 
signals like those shown in Figure 5. 

The outputs of comparator 354 also provide Input 
to the AND gates 356, 358 to form control feedback sig- 
nals, 0 A and 0 B and their complements at 364, 370, 
366, 368 respectively. On 0 1 a third reference signal, 
v mi2 at 372 » ls sampled with respect to ground onto ca- 
pacitor 374 via transmission gates 376, 378. The control 
signals 364, 366, 368, 370 are used to control transmis- 
sion gates 380, 382, 284, 386 which act to present either 
V ref3 or -V ref3 at the summing node 342 of the delta-sig- 
ma block 340 during 0 2 . This constitutes the negative 
feedback loop of the delta-sigma modulator. 

Thus, the delta-sigrna converter converts the ana- 
log error feedback signal appearing at its summing input 
node 342 to a predetermined sequence of fixed-width 
pulses which are then applied to the control Input termi- 
nal 206 of the switching power supply. The sequence of 
fixed width pulses is controlled such that the output sig- 
nal V oul appearing at the output 21 0 of power supply 200 
stabilizes at a value determined by the reference level 
signal V rof . 

Figure 8 is a graph depicting the manner by which 
output voltage V oul of the power supply tracks the refer- 
ence voltage V rof for the preferred embodiment of the 
invention as shown in Figure 6. Note the extreme line- 
arity of the output versus V rof control voltage perform- 
ance characteristic. 

Figures 9A and 9B depict waveforms of the control 
voltage provided to the power supply control input ter- 
minal and the resulting output voltage of the power sup- 
ply, respectively. 

Figures 10A and 10B are power spectral density 
plots of the power supply output voltage and power sup- 
ply error voltage, respectively, for a pulse-width modu- 
lated typed power switching supply. Note the high ener- 
gy noise at specific frequencies. 

The pulse-width modulated power spectral density 
should be compared with the power spectral density plot 
of the pulse code modulated supply, according to the 
present invention, as depicted in Figure 11. Figure 11 A 
is a power spectral density plot of the switching power 
supply output voltage for the pulse code modulated con- 
troller as set forth in the present Invention. Figure 11 B 
is a power spectral density plot of the power supply error 
voltage lor the PCM controlled power supply. Note that 
the PCM type controller produces a spectral plot that 
contains noise spread across the spectrum, much of it 
at high frequencies where the switching power supply 
has its highest noise rejection. Since the power supply 



filters high frequencies, the noise that is pushed out 
there by the delta-sigma is mostly filtered out. Hence 
noise is randomized and distributed, unlike the PWM 
based power supply. 
s In fact, with reference 1o Figures 12A and 12B, 
shown are the power spectral densities of the PCM 
switching power supply output voltage and error volt- 
age, respectively, for the PCM type switching power 
supply whose output capacitance has been sized such 
io that its peak noise power is the same as with an ideal 
PWM based switching power supply. Note the low level 
of high frequency noise produced by this PCM controller 
in this configuration. Note also the spreading out of the 
noise over a bandwidth, rather than at specific frequen- 
ts cies. 

In summary, a novel DC-to-DC converter design 
has been described which uses a switching power sup- 
ply in conjunction with a pulse code modulated based 
controller. The controller includes proportional, integral 

20 and differential feedback paths to produce an error sig- 
nal which is coupled through a delta-sigma converter to 
produce the output PCM pulses. 

The Inventive design does not require use of tightly 
matched components and, as such, exhibits low toler- 

25 ance drift over time. In addition, it is simple to construct 
yet very linear in operation. Further, it pushes its power 
spectral noise density to high frequencies which are 
more easily filtered by the switching power supply, 
thereby reducing its high frequency output. Finally, it is 

30 easily adapted to receive digital control input signals 
such that it is particularly suited for digital control appli- 
cations. 

While a preferred embodiment of the invention has 
been described in detail, it should be apparent that many 
35 modifications and variations thereto are possible, all of 
which fall within the true spirit and scope of the inven- 
tion. 



40 Claims 

1 . A DC-to-DC convenor comprising: 

a switching power supply having a power input 
4S terminal adapted to connect to a source of DC 

power, a control terminal for receiving a control 
input signal and an output terminal for produc- 
ing a controlled output DC signal having a value 
which is controlled by the control signal re- 
so ceived at said control terminal; and 

• a controller having a first input coupled to said 
switching power supply output terminal, a sec- 
ond input adapted to receive a reference signal, 
and an output coupled to said switching power 
55 supply control terminal, said controller produc- 

. ing fixed width output pulses as a function of 
the relationship between the signals at its first 
and second inputs, such that the switching 
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power supply produced controlled output DC 
signal Is maintained at a value determined by 
said received reference signal. 

2. The DC-to-DC converter of claim 1 wherein the con- 
troller further comprises: 

- first summing means for producing an output 
error signal representative of the difference be- 
tween said switching power supply produced 
controlled output DC signal and said received 
reference signal; 

proportional gain means tor scaling said error 
signal by a proportional gain factor to produce 
a proportional feedback signal; 
integrating means for integrating and scaling 
said error signal by an integral gain factor to 
produce an integrated feedback signal; 
second summing means for summing said pro- 
portional feedback signal and said integrated 
feedback signal; and 

- said controller including means for producing 
said fixed width output pulses as a function of 
both of said feedback signals. 

3. The DC-to-DC converter of claim 2 wherein said 
controller further comprises: 

- differentiating means for differentiating and 
scaling said output signal by a differential gain 
factor to produce a differentiated feedback sig- 
nal; 

- said differentiated feedback signal being 
summed in said second summing means with 
said proportional feedback signal and said in- 
tegrated feedback signal, 

such that said controller produces said fixed 
width output pulses as a function of all three feed- 
back signals. 

4. The DC-to-DC converter of any of claims 1 through 
3, wherein said controller comprises a delta-sigma 
converter for producing said fixed-width pulses. 

5. The DC-to-DC converter of anyone of claims 1 
through 4 wherein: 

said controller second input includes means 
adapted to receive a digital input signal represent- 
ative of a desired analog output level by said DC- 
to-DC converter. 

6. A method for controlling the output of a switching 
power supply having an input terminal adapted to 
receive an input DC supply signal, a control terminal 
for receiving a control signal and an output terminal, 
said switching power supply producing at its output 
terminal a DC signal having a value controlled by 



the control signal to receive at said control terminal, 
the method comprising the steps of: 

a) receiving a reference signal representative 
£ of the desired output DC signal value from said 

switching power supply; 

b) processing said switching power supply out- 
put DC signal to produce a feedback signal rep- 
resentative of the signal thereat; 

io c) comparing said reference signal with said 

feedback signal to produce an error signal; and 
d) predeterminedly converting said error signal 
into a sequence of fixed-width pulses and ap- 
plying said fixed width pulse sequence to the 

is control terminal of said switching power supply 

such that the switching power supply produced 
controlled output DC signal is maintained at a 
* value determined by said received reference 
signal. 

20 

7. The method of claim 6, wherein step c) comprises 
the further steps of: 

i) scaling said error signal by a proportional gain 
25 lactor to produce a proportional feedback sig- 
nal; 

ii) integrating and scaling said error signal by 
an integral gain factor to produce an integrated 
feedback signal; and 

30 iii) summing said proportional feedback signal 

' and said integrated feedback signal to produce 
said error signal. 

8. The method of claim 7, further comprising the step 
35 of: 

- differentiating and scaling said output signal by 
a differential gain factor to produce a differen- 
tiated feedback signal; 

40 

and step iii) comprises the step of: 
summing said proportional feedback sig- 
nal, integrated feedback signal and differ- 
entiated feedback signal to produce said 
45 error signal. 

9. The method of claim 6, 7 or B, wherein step d) com- 
prises the step of: 

delta-sigma converting said error signal into 
so a sequence of fixed-width pulses. 

10. The method of any one of the claims 6 through 9, 
wherein step a) further comprises: 

ss . receiving said reference signal as a digital input 
signal representative of a desired analog output 
level by said switching power supply. 
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